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ABSTRACT 


The effects of various thermo-mechanical treatments on the 
microstructure and mechanical properties of AISI 52100 steel 
have been investigated using a combination of optical and 
Meensmission electron microscopy in conjunction with standard 
mechanical testing. The response of the as-treated material 
to various hardening and tempering treatments has been deter- 
mined and compared to that of material processed using a 
standard commercial technique. 

The results indicate that the thermo-mechanical treatments 
examined refine the microstructure and increase the tensile 
strength of AISI 52100 steel. Using these treatments allows 
processing of the steel to be accomplished at lower austeni- 
tizing temperatures and in shorter times than in currently 
utilized techniques. Additionally, the degradation of 
mechanical properties by time at various tempering temperatures 


1s reduced. 
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I. INTRODUCTION AND BACKGROUND 


A. INTRODUCTION 

Ultrahigh carbon (UHC) steels, used primarily in simple 
machine tools and rolling-element bearings because of their 
high hardness and wear resistance, historically have been 
regarded as being inherently brittle and exhibiting extremely 
poor workability. However, research conducted by Professor 
Oleg D. Sherby and his associates at Stanford University's 
Department of Material Science and Engineering, has demon- 
Strated that these steels of greater than 1.0 weight percent 
carbon can be readily processed by a number of thermo-mecha- 
nical techniques [Ref. 1]. These techniques involve extensive 
working of the UHC steel by means of rolling and/or forging 
iemere cools from a temperature above the ae through the 
austenite plus cementite region of the iron-carbon phase 
diagram (Fig. 1). This is followed by isothermally warm- 


working the steel just below the A, temperature. This 


IL 
processing results in a microstructure consisting of fine, 
Spheroidized carbides dispersed in a very fine ferrite matrix, 
which exhibits high room temperature strength and good 
seed lity . 

Early research at the Naval Postgraduate School on warm 


worked UHC steels was conducted by Goesling [Ref. 2], and 


Hamilton and Rowe [Ref. 3], under the direction of Professor 


12 





IRON=CARBON EQUILIBRIUM DIAGRAM 








STEEL PART 
°C CARBON CONTENT IN ATOM PERCENT . 
0 23 3.6 45 6.6 
1600 2912 
Liquid +d =iren 
1336 Liquid 
1500 . 2732 
d=-iton 
Ss we J=iran + Austenite: 
) ee 1400 ae 2552 
Soi 1392 7% Austenite (F - iron} 
Body-centered | ; \ @: Liquid + Austenite 
cubic 
1300 2372 
1200 b-—-- prop 2192 
| Lee 
f { Le 1146 °c 
} - } 
Ey 1100 : t+ et 2012 
~ f f } } : { 
tte 18S back 
: — ot f Re ah { 
Face-centered '000 "he fee isa 1832 : 
cubic ip ‘ { 
911 
rm 900 1652 
a Austenite 
5 + Fernte 
é * ase: pee pret c+ ae 
y PACA Voie 
2 | — nerereiEEs (K) 
Ey : eS i XP 
E 700 Thiet rt ee tl al CoRR Tae RKPECTED____} 1292 
: ANTE 
ap ~=900 112 
mn 
Za 
Body-centered 500 932 
cubre 
COMPOSITION RANG 
ann OF AIST 521080 STEE: a 
Ferrite (a =iron) 
SS Bs 
LOY 300 572 
Se ™ 


l 
a 
< 
0 
3 
a 
2 
Qa 
s 
a 
a 
- 


Hypereutectoid steel ~——-__—_- 


100 212 


Eutectoid 





32 
0 0.5 0,8 1 lS 2 


CARBON CONTENT IN WEIGHT PERCENT 


Figure 1. tIron-carbon equilibrium phase diagram showing 
composition range of AISI 52100 steei and the 
region in which superplastic behavior can be 
expected. 
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Terry R. McNelley. Their work was primarily directed towards 
Memenaracterization of the mechanical, microstructural, com- 
positional, and processing variables which effect the ballistic 
behavior of these steels. Their results prompted a series of 
examinations using commercially processed AIS! 52100 steel 
which was normalized and then isothermally warm-rolled at 


various temperatures just below the A Omitting the rolling 


a0 
of the material as it cools through the austenite plus 
GCementite temperature range. | 

The current research attempts to characterize the re- 
sponses of warm rolled AISI 52100 steel to various hardening 
and tempering treatments, and to determine the effect of 
Various pre-rolling heat treatments on the microstructure 


and mechanical properties of the as-rolled and subsequently 


hardened and tempered material. 


Pew ARM-ROLLING AND SUPERPLASTICITY 
Warm-rolling is a thermo-mechanical deformation process 
which can be utilized to refine grain structure as well as 
break up and refine the carbide networks found in the as-cast 
micmimlermalized structures of AISI 52100 and other UHC steels. 
This form of processing is economically feasible in UHC steels 
because over the temperature range in which the deformation 
1s performed these materials tend towards superplastic behavior. 
superplasticity, when applied to the processes of rolling 
and forging, refers to the greatly enhanced formability of 


certain materials under appropriate conditions of temperature 
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and strain rate [Ref.4}]. In the superplastic region, large 
amounts of plastic deformation can be imparted to the work- 
piece with substantially reduced forming stresses. This 
behavior is always associated with: (1) a fine grain size 
eoieetiie Order of 1 to 10 microns); (2) deformation temperatures 
between 0.4 and 0.6 Ti where ie is the absolute melting 
temperature; and (3) a strain rate sensitivity factor (m) 
Pyeater than 0.3 [Ref.5 and 6]. 

The primary microstructural characteristic necessary for 
Superplastic flow in crystalline materials is a fine grain 
Size at the onset of the deformation process, or development 
of the requisite grain structure during processing. The 
Pao sthMetunesot Normalized UHC steels consists of taar ly 
coarse grained pearlite with significant quantities of 
proeutectoid cementite which forms at the prior austenite 
grain boundaries (Fig. 2). While this is not an ideal 
Structure for the attainment of superplasticity, similar 
structures in AISI 52100 steel have been successfully warm- 
rolled without cracking to a true strain of -2.5, with some 
tendency towards superplastic behavior [Ref. 7]. In that 
study, Chung also demonstrated that the warm-rolling process 
acheived a high degree of grain refinement. This result 
Supported earlier research conducted by Sherby [Ref. 8]. 

The degree of grain refinement obtained from the warm-rolling 
process is related to: (1) the original grain size and 


lamellar spacing (in the case of pearlitic structures), 


LS 








Meene 2. Microstructure of normalized 1.5% carbon low alloy 
steel (52100). Structure consist of coarse and fine 
taiiepearrrne, sepanated by Massive proeutectoid 
cementite grain boundaries. Magnification 500X. 
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femeche temperature at which the deformation is accomplished, 
and (3) the strain rate and total strain imparted to the 
material. This is directly associated with the tendency 
towards superplastic flow since, in addition to a fine initial 
grain size, superplasticity also requires a deformation 
temperature between 0.4 and 0.6 ee When applied to UHC 
Steels this corresponds to a temperature range from approxi- 
Mammo 450 to 775 degrees Celsius. In this temperature range 
Sherby has measured strain rate sensitivity factors (m) be- 
tween 0.3 and 0.5 for several UHC steels [Ref. 1 and 9]. 

The transformation of lamellar cementite in the pearlitic 
structure of normalized UHC steels to spheroidite (spheroidal 
cementite or carbide) is a diffusion-ceontrolled process which 
is greatly enhanced by concurrent plastic deformation. Early 
research [Ref. 10] investigating strain enhanced spheroidiza- 
tion in eutectoid steel (steel with 0.8 weight percent carbon) 
Suggested that the rate controlling process is the diffusion 
eemiron along the grain boundaries, dislocations or 
cementite-ferrite interfaces. It also was found that the 
distance between spheroidal cementite particles 
(interspheroidite spacing, A) and thus the spheroidite size 
maseatunction of strain rate and temperature of the form 


Ne =e exp(Q/kT) fay) 


Cr 


where n 1s a constant on the order of -2.0 for UHC steel, ¢ 


1s the strain rate, Q is the activation energy, R is the gas 


constant, and T is the absolute temperature. From this 


Lee 





Pmeetrerom lt Can be Seen that as the strain rate is increased 
or the temperature of deformation is decreased, the inter- 
particle spacing and thus the size of these second phase 
particles is decreased. 

In UHC steels, the temperature at which the deformation 
is performed is restricted to approximately 85 percent of 
the temperature range where superplastic behavior has been 
observed because of the phase transfermation that occurs when 
the material is heated above the Ay temperature (723 degrees 
Celsius). When this phase transformation occurs the pearlite- 
cementite structure of the hypereutectoid steel, which is 
stable below the A, temperature, transforms to an austenite- 
GCementite phase mixture. This transformation is generally 
reversible upon cooling. 

Mrewecne isOthermal deformation process 1S carried out 
below the Ay SUMS Rune hm tneeprocess Will tend to break up 
Mmiempeanlite and the proeutectoid grain boundary cementite, 
nema dispersion of spheroidal cementite in a ferrite 
Piet AS Previously noted, the interspheroidite spacing 
HS a function of deformation temperature and the rate of 
deformation. However, the spheroidite tends to form at the 
grain boundaries. These second phase particles will pin the 
grain and prevent the growth that is normally associated with 


ebevated temperature treatments just below the A, temperature. 


1 
It also has been demonstrated by McCauley [Ref. 11] and Chung 


[Ref. 7], that the ability of the isothermal warm-rolling 
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process to break up and refine the pearlite is a function of 
the deformation temperature. In their work, isothermal 
deformation of normalized AISI 52100 steel was ponaneeed at 
990 and 690 degrees Celsius to examine the fracture toughness 
and fatigue properties of this material processing technique. 
Metallographic examination of the as-rolled structures revealed 
that the 650 degree treatment was far more effective in 
breaking up the coarse pearlitic structure (Fig. 3). However, 
neither treatment was completely effective in eliminating the 
microstructural banding resulting from the break up of the 
proeutectoid cementite. This suggests that the ability of the 
650 degree Celsius treatment to more completely break up the 
pearlite, is possible due to the more rapid recrystallization 
at the higher deformation temperature, 

In hypereutectoid or UHC steels, recrystallization occurs 
between 9500 and 723 degrees Celsius. This nucleation and 
growth, diffusion-controlled process proceeds at a rate which 
is a function of temperature, and is enhanced by increased 
amounts of deformation. It has been shown that temperature 
a oun of deformation determines the rate at which recrys- 
tallization will occur (Ref. 12). The recrystallized grain 
size 1s mdenencent of annealing temperature, but as the 
annealing temperature is increased, the driving force for 
grain growth after recrystallization is also increased. How- 
ever, the recrystallized grain size is extremely sensitive 


to the amount of deformation, with the grain size decreasing 
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eieuire 3. 


(Db) 


Microstructure of as rolled normalized AISI 52100 
steel: (a) 550 degree Celsius rolling temperature; 
(b) 650 degree Celsius rolling temperature. Micro- 
Structures show degree of @arse pearlite break up 
and microstructural banding from the break up of 


proeutectoid grain boundary cementite. Magnifica- 
tion 1000X. 
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as the amount of total deformation increases. Further, the 
recrystallized grain size has been found to be highly depen- 
dent on: (1) the purity and composition of the alloy; and (2) 
the original grain size of the material. This is consistent 
with the microstructural observations of the AISI 52100 steel 
which was normalized and subsequently isothermally warm-rolled 
@e 550 and 650 degrees Celsius respectively. The fine grain 
Seruecure of the as rolled AISI 52100 steel was produced by 
heavy deformation with grain growth being restricted by the 


Meesence of the fine spheroidal carbide partiles. 


Meee SOP ERTIES AND HEAT TREATMENT OF AISI 52100 STEEL 

AISI 52100 steel was developed in the 1920's for uSe in 
anti-friction bearing components [Ref. 13], where high hard- 
ness and resistance to wear and plastic deformation under 
localized high contact stresses are of paramount importance. 
These properties are associated with the development of a 
uniform fine tempered martensitic microstructure which is 
obtained by heat treatment of the hot worked alloy. 

The primary requirement of early rolling-element bearing 
materials was high resistance to wear. High wear resistance 
1s associated with high hardness. The hardness of a steel 
increases with increasing carbon content, and for a given 
@anbon content 1s greatest when CHeEwGELUCtUGe 1S ,eomplete ly 
martensitic. Thus, a one weight percent carbon steel is 


ideally suited since hardness values between 65 and 69 


Zale 





ReckwvelllCeare theoretically possible (Ref. 14). However, 


high carbon steels are extremely brittle at room temperature, 
making machining and cold working extremely difficult. Addi- 
tionally, these steels are very susceptible to cracking and 
distortion during heat treatment. To minimize these effects, 
the carbon steel is alloyed with elements which improve its 
toughness and hardenability without decreasing its wear 
resistance. | 

To produce AISI 52100 steel, a nominal one (0.98 - 1.10) 
weight percent carbon steel is alloyed with chromium (1.30 - 
1.60%), manganese (0.25 - 0.45%) and silicon (0.15 - 0.30%) 
(Ref. 15). Chromium is a ferrite stabilizer which tends to 
raise the eutectoid (Aj) temperature and reduce the size of 
the austenite phase field in Figure 1 (Ref. 16). Also, chro- 
mium is a strong carbide former and grain refiner which tends 
to increase the Percent of the steel especially when 
added in conjunction with small amounts of manganese, an 
austenite stabilizer, and silicon, another ferrite stabilizer 
(Ref. 17). Manganese is also a deoxidizing and desulfurizing 
agent and silicon is a deoxidizing agent, but the importance 
of these characteristics have been greatly minimized with the . 
advent of melting techniques such aS vacuum arc and electroslag 
remelting. 

AISI 52100 steel is received on the steel mill in the 
form of hot rolled bars which have been given a spheroidizing 


anneal to produce microstructure consisting of spheroidal 
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Mepades dispersed in a ferrite matrix (Fig. 4). This struc- 
ture is preferred because it allows the material to be cut and 
machined with relative ease. Once worked to a rough shape, 
this structure is heat treated by austenitizing and subsequent 
quenching and tempering to obtain the desired levels of hard- 
ness and ductility. 

Considerable research has been conducted to improve the 
mechanical properties of AISI 52100 steel, in particular the 
muioys resistance to fatigue failure. Much of this research 
has concentrated on improving heat treating techniques to 
Seema microstructure consisting of fine martensite and an 
uniform dispersion of ultrafine (less than 1.0 microns) 
carbides. Grange [Ref. 18] proposed a technique for obtaining 
an ultrafine martensitic structure. This technique involved 
repeated cycles of rapid heating through the Ay to just above 
the Ben temperature, limiting the maximum temperature to 
Mmereereduired for complete austenitization. This method of 
treatment refines the austenite grain size provided that the 
Starting structure is a fine aggregate with only small carbides 
and no proeutectoid ferrite or cementite. Further grain re- 
finement can be expected with each cycle until the instability 
of the ultrafine austenite prevents continued refinement and 
provided that the maximum temperature is reduced in each cycle. 
For alloy steels with greater than 0.9% carbon, complete 
austenitization is seldom possible, except by the use of very 


high austenitizing temperatures which result in excessive 








Peewee 4. Micrographs of as received AISI 52100 steel; (a) 
ekcal microgmaph, Magnification IO00X. (b) 


ie Mile hoOC@AnimOh cCanoon Extraction replica. Mag- 
nification 1400X. 
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Beain growth. Beever omit the auStenite has a carbon content 
greater than 0.8%, there will be some retained austenite in 
the hardened steel. The quantity of retained austenite will 
increase with increasing carbon content of the steel. However, 
if some degree of carbide dissolution is desired a carbide 
mertinine treatment must be performed prior to commencement of 
the cyclic rapid heat treatment. The resulting increase in 
miewamount Of retained austenite at the completion of the 
meemre treatment then can be transformed by refrigeration and 
mamm@erineg prior to putting the piece into service. 

The subject of carbide refinement has received increased 
@ttention Since the advent of the high-speed gas turbine 
engine, in which the problem of rolling-contact fatigue has 
memeerecamwear as the life limiting factor of anti-friction 
bearing material. An examination of the effect of carbide 
Saenon the fatigue strength of AISI 52100 steel, tested on 
a rotating beam fatigue machine, was conducted by Honma et.al. 
meee 19}. Their results indicated that a reduction of the 
Meemecadrbide size from 1.4 microns to 0.56 microns increased 
Biewcacigue life by a factor of 2.5. In addition, their 
Beeearch) revealed that up to 3 to 4 volume percent excess 
carbide actually improved the wear resistance of the bearing 
meeem, (his is similar to the work of Vincent et. al. 

[Ref. 20], who found that the presence of large oxide in- 
clusions, from the melting stage, reduced rotating-beam 


fatigue life. Based on these results, Stickels [Ref. 21] 
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proposed a carbide-refining heat treatment which produced a 
RSH E OSUCr Te consisting of O.1 micron An emeLeE carbides in 
a tempered martensite matrix. His treatment consisted of 
completely dissolving all carbides in the as received struc- 
ture of AISI 52100 steel by high-temperature austenitization. 
The austenite was then isothermally transformed to produce 

a structure of bainite or pearlite, which was subsequently 
austenitized, quenched, and tempered in a conventional manner. 
The final result of this treatment is a uniform dispersion of 
ultrafine carbides. However, the as hardened structure tends 
to have greatly increased retained austenite. The trans- 
formation of this retained austenite to martensite by refri- 
geration, combined with the uniform dispersion of ultrafine 
carbides produces a harder structure, after hardening and 


tempering, than conventional heat treatment. 
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II. MATERIAL PROCESSING AND EXPERIMENTAL PROCEDURE 


A. MATERIAL PROCESSING 

The ere ee used in the conduct oT ent research was air- 
craft quality, vacuum induction melt (VIM), consumable electrode 
vacuum arc remelt (VAR), AISI 52100 steel. It was obtained 
from two sources in the form of 8.9 cm (3.5 in.) diameter 
round bars which had been hot rolled to size and spheroidized 
annealed. The naeeiee designated 52100/0 was obtained from 
Vasco Pacific Steel and that designated 52100/2 from Carpenter 
Steel. Representative samples were sectioned from each as 
received bar for metallographic examination, hardness deter- 
mination, and alloy chemistry determination. Material was 
also pect ioned from material 52100/2 for later use in deter- 
mination of standard properties and further heat treatment to 
provide a standard for comparison purposes. Specimens sectioned 
for the purpose of alloy chemistry determination were sent to 
Anamet Laboratories, Inc. of Berkeley, California, for chemical 
anaylsis. The results are presented in Table l. 

The material designated as 52100/0 was sectioned into 
lengths of 25.4 cm (10 in.) which were subsequently austenitized 
at 1000 degrees Celsius (1830 degrees F) for three hours then 
upset forged into blocks 7.6 cm (3.0 in.) by 5.1 cm (2.0 in.) 
by length. The blocks were allowed to air cool to less than 


400 degrees Celsius (750 degrees F) and then were reheated to 
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megedesrees Celsius (1200 degrees F), held for two hours, and 


mam@aliy isothermally rolled to a true strain of approximately 


moe) 6 This treatment schedule is shown schematically in 


@egere so, With the time normalized to time per inch of speci- 


men thickness. 


Henceforth, 


this treatment will be referred 


moeas treatment B and specimens processed by this method will 


be designated specimen B, plus a numerical designation to 


Seenary tne heat treatment. 





lable =i ~ MATER TADS CHEMI Ss] RY 
Pao ELEMENT #52100/0 #52100/2 
Aluminum Ca) Or Osis 0.03% 
Carbon (C) eC: 1.06% 
Chromium (ee) os. Teo; 
Columbium (Eby) 0.005% 0.005% 
Gopper (Cry) Uelele 0.03% 
Iron (Fe) Remainder Remainder 
Lead (Pb) O7005 5 000 S56 
Manganese (Mn) Or S5i6 02564 
Molybdenum (Mo) 0.06% 0.04% 
Nickel (ae) 0.18% DOs 
Phosphorus (P) 0.007% 0.008% 
eeicon (Sa) 0.27% De 25 
Sa fur cS} 0.007% 0.010% 
’ eeanium ol i) 0.006% 0.006% 
Tungsten (W) O77025 Orelis 
Vanadium (V) 0.005% 0.02% 


Mim@enmaterial designated as 52100/2, with the exception of 
the material set aside for property determination and standard 
' processing, was sectioned into lengths of 15.2 cm (6.0 in.) 
‘and Meat treated in accordance with Figures 6 through 8 for 
eeiments CeemGoughies respectively, The time scales for 


d 
each of these treatment schedules is normalized to time per 
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Figure 5. Schematic of Thermo-Mechanical Treatment-B. 
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Figure 6. Schematic of Thermo-Mechanical Treatment-C. 
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Figure 7. Schematic of Thermo-Mechanical Treatment-D. 
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Figure 8. Schematic of Thermo-Mechanical Treatment-E. 
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Mien Of specimen thickness. These treatments were designed to 
Meevide various degrees of grain refinement and carbide disso- 
mitizon. The vrerolling austenitization was performed utilizing 
meplue M box-type furnace with solid state proportioning 
Seerollér, which maintained temperature to + 5 degrees Celsius. 
The temperature was continuously monitored throughout the 
Mreatments using a Newport electronic digital thermometer 
Mmeilizing a stainless steel Sheath chromel-alumel thermocouple 
Mesitioned at the Specimen location on the hearth. Quenching 
Was accomplished in warm oil located in containers adjacent 

to the furnace. As in the case of treatment B, the three 
additional heat treatments will henceforth be referred to by 
their letter and where necessary a number designation. The 
heat treated bars were then tempered at 650 degrees Celsius 
(1200 degrees F) for three hours and then upset forged into 
mocks 6.3 cm (2.5 in.) by 6.3 cm by length. The blocks were 
then isothermally rolled to a true strain of approximately 

me. 3. 

The heat treatment of specimen B and the isothermal 
rolling of all specimens were performed at Viking Metals, Inc. 
of Richmond, California. The specimens were rolled in seven- 
Meemeoasses at a reduction of from 0.31 to 0.38 cm (0.12 to 
0.15 in.) per pass. The pieces were reheated after each pass 
tO 650 degrees Celsius. The reduction on the final pass was 
Controlled to obtain the desired total true strain. The as 


rolled material was then allowed to air cool to room temperature. 
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The 52100/2 material to be used for property determination 
was normalized at 850 degrees Celsius (1560 degrees F) for 
seven hours which is the first step eH Standard heat treat- 
ment recommended for AISI 52100 steel used in anti-friction 
bearings (Ref. 22). The specimens processed by this method 
are peeienated specimen A. The as treated material was 
sectioned longitudinally into flat plates approximately 0.76 cm 
(.30 in.) thick to facilitate further processing. 

All specimens were then milled and/or surface ground to 


iz OF@CGZ inz), then cut 


a thickness of 0.635 * 0.005 em (0.250 
micownaradness coupons 3.8 cm by 1.0 cm by 0.635 cm (1.5 in. by 
0.75 in. by 0.250 in.) and rectangular subsize tensile specimens 


according to ASTM specifications (Ref. 23). 


B. EXPERIMENTAL PROCEDURE 

1. Hardening Response 

Hardness coupons from each of the five treatment groups 

were austenitized ina Lindberg Type CR-5 salt bath furnace, 
uSing neutral salt, for times ranging from 5 minutes to 1] hour 
at temperatures of 800 degrees Celsius (1470 degrees F), 
825 degrees Celsius (1520 degrees F), and 850 degrees Celsius 
(1560 degrees F). Following austenitization, specimens were 
quenched in 50 degree Celsius (120 degrees F) oil then air 
cooled to room temperature. Each specimen was sectioned in 
half and one piece was set aside for hardness determination 


and microstructural (optical and TEM) examination. The other 
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mult was refrigerated to -80 degrees Celsius (-112 degrees F) 
Mee ethanol in an FITS Multi-Cool, two stage refrigeration 
Mit, to transform retained austenite present in the as 
Maenched material. Twelve Rockwell-C hardness readings were 
taken on each specimen with a Wilson Rockwell Hardness Tester 
using a 150 kg load. The high and the low reading on each 
specimen were discarded and the statistical mean and standard 
deviation were calculated using an internal function of an 
HP41C calculator. The mean values were plotted as a function 
of austenitizing time at each temperature. Retained austenite 
measurements were made on specimens from groups A and B by 
McNelley et. al. at the Royal Military College of Science, 
Shrivenham, England using the spectrometer method discussed 
ByeOeilvie [Ref. 24]. 

= /empering Response 

Hardness coupons and tensile specimens were austenitized 

at 825 degrees Celsius in the same manner as described in the 
hardening response study and quenched in 50 degrees Celsius 
O1l. The specimens were then tempered from 0.6 to 250 hours 
at temperatures of 175 degrees Celsius (345 degrees F), 350 
degrees Celsius (660 degrees F), and 525 degrees Celsius (975 
degrees F). The tempering was conducted in a Hoskins box type 
furnace with an Omega proportioning controller, which main- 
tained temperature to + 5 degrees Celsius. Specimens were 
air cooled from tempering temperatures prior to testing. 


Rockwell-C hardness readings were taken as previously described. 
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Tensile fee cing was conducted on specimens tempered at 350 
and 525 degrees Celsius on a Materials Testing System Model 
810 hydraulic test machine at the Materials and Molecular 
Research Division, Lawrence Berkeley Laboratory.. The tensile 
specimens were loaded to failure using a ramp function at a 
strain rate of 8.3 X Ome seen 7 Tensile testing was not 
performed on specimens tempered at 175 degrees Celsius due 
to the nonavailability of grips capable of gripping material 
with hardnesses in excess of Rockwell-C 60. Hardness, elonga- 
tion to failure, ultimate tensile and yield strength were 
recorded and plotted as a function of time for each tempering 
condition. The data was normalized using a least square 
method contained in the curve fitting routine contained in the 
standard applications module for the PH41C calculator. 
3. Optical Microscopy 

Specimens were Sec tnnd at various points throughout 
the processing and hardening studies for metallographic exami- 
nation. They were mounted and ground through 600 grit using 
a Buehler Automet grinding and polishing unit and metallogra- 
phically prepared with 1 micron diamond paste. After polishing, 
the specimens were ultrasonically cleaned in an ethanol bath 
and the polished surface etched in a 1% Nital solution 
Etching times varied from 5 seconds to one minute. Optical 
photomicroscopy was then somincredwen a Zeiss Universal 


-photomicroscope. 
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4. Transmission Electron Microscopy 


Transmission electron microscopy was conducted on both 
Carbon extraction replicas and thin metal foils using a Philips 
EM201 transmission electron microscope at Stanford University's 
Hopkin Marine Station. Specimens for the carbon extraction 
replication were mounted and metallographically prepared through 
l micron diamond paste. The polished surface was lightly etched 
in a 1% Nital solution. Carbon was evaporated onto the surface 
under a vacuum of approximately 6 “e Ome torr. in a Fullam Model 
1250 EFFA Evaporator. A current of 50 amps and a burn time of 
three seconds was used. The surface of the Specimen was then 
sectioned into squares, 3 mm on a Side, and the specimen was 
immersed in a solution of 10% Nital to loosen the replica. The 
replica was then floated off the surface in an aqueous solution 
containing 3% ethanol and retrieved on a 3 mm diameter grid and 
allowed to dry prior to microscopic examination. This method 
of replication of high carbon steel was suggested by A. Doig at 
the Royal Military College of Science (Ref. 25). 

Specimens for thin foils were sectioned in wafers 

0.38 - 0.51 mm (0.015 - .020 in.) thick using a Buehler Isomet 
low speed saw equipped with a low-concentration diamond blade. 
Utilizing a wet belt sander.and wet static papers (240 - 600 
grit), the wafers were further ground to a thickness of 0.13 
-~0.18 mm (0.005 - 0.007 in.) from which 3 mm disks were obtained. 
The disks were then thinned to penetration using a 5% perchloric- 


acetic acid electrolyte in a modified Buehler Electromet 
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Meeecninner. A jet speed setting of 3 to 5 was used with a 
meevolt DC potential giving a thinning current from 15 to 30 
j.. The penetrated foils were then cleaned in ethanol and 
dried prior to microscopic examination. Thinning times ranged 
‘from seven to twelve minutes depending on the initial thick- 


mess of the disk. 
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Pare ccouLlS AND DISCUSSION 


Meer reC? OF PRE-ROLLING TREATMENT AND ROLLING 
fee Mechanical Test Results 

Mechanical testing was performed at each step of the 
thermo-mechanical treatments shown previously in Figures 5 
through 8. Tensile testing and hardness determination were 
conducted on the as-received and as-treated condition of each 
of the thermo-mechanical treatments. Additionally, the hard- 
ness was determined at the two intermediate conditions. These 
Mewes are tabulated in Table 2 and indicated in Figures 5 
through 8, for each step of the various thermo-mechanical 
treatments. The as-rolled hardness of the treated material 
ranged from 32.3 to 33.6 Rockwell-C, compared to a hardness 
of 23.4 Rockwell-C for the unrolled treatment-A (normalized 
from 850 degrees Celsius). The treated materials also exhib- 
ited significantly higher yield strengths in comparison to 
Seeaement-A, Additionally, during tensile testing it was 
observed that once yielding occurred treatments C, D, and E 
did not exhibit a typical response to continued loading. The 
load versus elongation curves for these treatments did exhibit 
the typical upper and lower yield points common to most body 
centered cubic materials, but showed no significant work-hard- 
ening after yielding. The Luder bands, once formed, appeared 


tO pass through the gauge length in a series of distinct wave 


aye 





fronts until failure occurred. This response was not observed 
mm the treatments A and B, which exhibited the normal elastic- 
heterogeneous plastic-homogeneous plastic response common to 

lumost Dody-centered cubic ferrous materials. These results are 
compared and summarized in Figure 9. 


maple Z. THERMO-MECHANICAL TREATMENT-MECHANICAL TEST DATA 





| TREATMENT STEP HARDNESS YIELD TENSILE PERCENT 

| (Rockwell-C) (MPa/Ksi) (MPa/Ksi) ELONGATION 
B l Toa 455 / 66 634 / 92 36 
B 2 SC i ee er = 
B 3 eee Ga, = fee ee eee rs 
B 4 Ss 917 / 133 1020 / 148 14 
C 1 ie, 455 / 66 634 / 92 36 
i 2 6AM. | I 2 a - 

| C 3 ree | > ee eS - 

| C 4 ed 924 / 134 924 / 134 il 
D 1 1 2 455 / 66 634 / 92 36 

| D 2 SSL Or ie er ee 
D 3 SCORN) © AIM eat: _ 
D 4 33.6 Oi a4 eae) a4 19 

| E 1 1 2 Sm cG AGS 292 36 

E 2 5 SRE MRR = chee eee = 

E 3 Se We ee Sees - 2 2 - 
E 4 eG 965 / 140 979 / 142 18 


ae Optical Microscopy Results 


Hmerecal MLCTOSCOpy Was performed at each step of the 
thermo-mechanical treatments. The fineness of the as-rolled 
Mmmemetures prevents detailed examination of these structures. 


However, the general structural response of the material to 
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the various treatments is observable, in particular the dis- 
tribution of the optically resolvable carbides. These 
carbides will be subsequently referred to as residual carbides, 
Since they remained undissolved after initial heat treatment. 
The presence of carbides smaller than approximately 0.5 
microns and the exact diameter of such carbides could not be 
Mecermined due to the depth of field and resolving capabilities 
Seethe optical microscope. 

ittewacneral structural response of AISI 52100 to 
thermo-mechanical treatment-B is shown in Figure 10a (numbers 
in the lower left corner of each section of the micrograph 
indicates the step number of the treatment). It is evident 
from this series that the structure is greatly refined by 
mre rolling process. However, the presence of relatively 
Jarge pearlitic regions and the microstructural banding 
resulting from the break up and refinement of the proeutectoid 
grain boundary carbides indicate that the deformation was 
insufficient to totally refine the as treated starting struc- 
Mmeeniseep 2). This is evident in Figure 10b. The relatively 
merge, irregular white regions are pearlitic regions unre- 
SsOlvable at this magnification and the smaller somehwat more 
meoular shaped particles are residual carbides. 

The general structural response of the material to 
Meeatment-C is shown in Figure 11. The microstructure (Fig. 
lla) consists predominately of fine-grained martensite and 


had a hardness of 64.5 Rockwell-C. Since the hardness 





Rigure 10. 


Microstructural Effect of Treatment B: (a) 
Mrrretmeromene0UX, (>) Magnification 250X. 





Mag- 








(b ) 


meoure I], Microstructural Effect of Treatment C: (a) Mag- 
PiticieromuenOUUX (bh) Magnification 250X. 
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, 
increased after refrigeration, there is also some retained 
austenite. Because the quench ieee warm oil is not as severe 
as a normal oil quench, some of Pee tenite may nave trans- 
formed to lower bainite. The size of the residual carbides 
at this step are somewhat larger than those in treatment-B. 
This is a result of the lower austenitization temperature and 
shorter time at temperature utilized in treatment-C. Also 
evident in this figure are the prior austenite grain boundaries 
(step 3), which are characterized by the darker regions in 
the structure (Ref. 26). The overall refinement obtained 
through treatment-C appears to be similar to that of treat- 
ment-B with the exception that the banding observed in B is 
not evident in C (Fig. 1llb). Banding of proeutectoid cementite 
has been regarded as detrimental to rolling contact fatigue 
(Ref. 27). Its absence in steels processed as treatment-C 
would be beneficial. 

isan effort further to refine the microstructure of 
the material prior to isothermal rolling, treatments utilizing 
multiple austenitizing cycles (treatment-D) and extended time 
at temperature (treatment-E) were studied. The as-treated 
neodess of both treatments was measured to be 609.4 Rockwell-c. 
The microstructural effect resulting from treatment-D and E 
is shown in Figures 12a and l3a aeSReee The solutioning 
of the carbides appears to be more complete in these treatments, 


with treatment-D being slightly more effective than E. 
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megure 12. Microstructural Effect of Treatment D: (a) Mag- 
Hone atronenumion: “(b Ji Maonitication 250X. 
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meenre 13. Microstructural Effect of Treatment E: (a) Mag- 
tier Creme Kb) Magna fication 250X. 
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This is thought to be a result of the higher initial auste- 
nitizing temperature utilized in treatment-D. However, the 
resulting slightly higher carbon content of the as rolled 
matrix was not sufficient to increase the measured hardness 
because this effect is masked by the increased retained 
austenite content observed in finer as-quenched microstruc- 
ture (Ref. 21). The distribution of the residual carbides 
resulting from eee treatments appears to be somewhat Similar 
with the exception that treatment-E Seni bArs a Slightly 
coarser and more sparse distribution. The coarsening observed 
in treatment-E possibly results from the extended time at 
austinitizing temperature as reported by Stickels (Ref. 21). 
The structures obtained from treatments D and E appear to be 
more refined and uniform, as shown in Figures 12b and 2h3p 
than that obtained from treatment-C. Pee improvement in the 
fatigue or fracture toughness properties of these treatments 
when compared to treatment-C are expected to be slight because 
of the relatively small difference in the size of the residual 
carbides is small (Ref. 19). In addition, the higher carbon 
content of the austenite and the likelihood of increased volume 
percent neeaene a austenite increase the probability of quench 
cracking. 
3. Transmission’ Electron Microscopy Results 

Transmission electron microscopy was utilized to 

further examine the pre-rolling (step 3) and the post-rolling 


(step 4) structures. The carbon extraction replica method 
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was used on treatments B through E. Due to the coarseness 
Memtne pre-rolled structure of treatment-B, replicas could 
not be obtained from this step. In addition to the carbon 
extraction replicas, thin foil specimens were obtained of the 
Mmeeertolling condition of treatment-C and the post-rolling 
@emaiction of treatments B and C. 

The carbon extraction replicas of treatment-B confirm 
the fine carbide distribution and the coarse banded structure 
@eservea Optically. Additionally these high magnification 
micrographs revealed the presence of extremely fine pearlite 
and the breakup of the pearlite to form equally fine spheroi- 
dal carbides. This effect is shown in Figure 14, which shows 
mmeempOst-rolling structure from 5,000 to 15,000X magnifica- 
tion. The micrographs taken of the thin foil specimens are 
shown in Figure 15a and b at magnifications of 20,000 and 
45,000X respectively. The size of the carbides revealed by 
these micrographs ranges from less than 0.1 to approximately 
0.3 microns with an average grain size of 0.3 to 0.5 microns. 
The remnants of the proeutectoid cementite do not appear in 
these micrographs. However, the pearlite structures present 
in Figure 15 a, when compared to that shown in Figures 10a(4) 
and 14, show the presence of pearlite colony sizes ranging 
from 10 microns down to less than 1.0 microns with a lamellar 
spacing as small as 0.05 microns. The ultrafine equiaxed 


grains present in these micrographs appear to have varying 
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meeire Isa. Transmission Electron Microscope Thin Foil Mi- 
crograph of As-Rolled Treatment B. Micrograph 
Shows ultrafine pearlite and ultrafine carbides 


dispersied in €qUuidaxed matrix. Magnification 
20,000X. 
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Semce 15b. 1T.E.M. Thin Foil Micrograph of As-Rolled Treat- 


ment-B. Micrograph shows carbide distribution 
and dislocation density in equiaxed grain 


structure. Magnification 45,000X. 
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meslocation densities. Some grains are relatively strain- 
mecem while other have higher densities, more characteristic 
meee la-worked material. 

Carbon extraction replicas were taken from both the 
Bee-molling and post-rolling conditions of treatment-C, and 
meeseguent treatments. the pre-rolling micrographs of treat- 
ment-C are shown in Figure 16. Two distinct carbide sizes 
Meempresemt., the larger carbides, on the order of 1.0 micron 
in size, are the result of incomplete dissolution during 
austenitization (residual carbides), while the small carbides 
Mpear to be the result of the 650 degree Celsius temper 
Sonauwerted prior to the rolling process (steps 2 to 3). The 
presence of these smaller carbides is confirmed and their 
approximate size can be determined from the then foil micro- 
Peapliice Fivure 17. These ultrafine carbides appear 
predominately along visible grain and subgrain boundaries, 
and range in size from less than 0.03 microns to slightly 
m_ecmmenan O.] microns. the structure visible in Figure 
17b appears to have a relatively low dislocation density and 
dislocations as located primarily in the regions surrounding 
tne 8rain boundary carbides. Grain size ranges from 0.4 to 
oS aterons. 

miGoeoneextraction replica micrographs of treatment-C 
minemesas rolled condition are shown in Figure 18. These 
micrographs clearly indicate the presence of two distinct 


Sizes of carbide particles, with the larger particles being 
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mecure 17a. 


Transmission Electron Microscope Thin Foil Mi- 
nec Gawieoralpeatmemle-G Prior to Rolling. 
Micrograph shows two distinct size carbide 


paGtiGles, Gispersed in matrix. Magnification 
AOS O0OX. 


ao 








meoure 17D. %1F.6.M. Thin Foil Micrograph of Treatment-C Prior 
to Rolling. Micrograph shows carbide distribu- 
tion and dislocation pile ups in region of grain 
boundary carbide. Magnification 45,000X. 


56 





—S8ptqie>s FO UOTINGII4STp smoys ainzon149 


“XOOO'ST UOT eITFIUseW (9) -XOO00‘OT UOTIedTZTUSE_ Co) 000 aga uCracoms 


WOTIIeIIXA uoqieyn “gl aan3ty 


-Tusew (e) :(poettog se) 9-quow.eeT] Fo ydersqioty 








Slightly smaller than the residual carbides present in the 
Mmeeeroliing condition. This indicates only a slight reduction 
mn residual carbide size as a result of the rolling process. 
The smaller carbides present in the pre-rolled structure 
mepear to have coarsened slightly and become more uniform in 
memeomand distribution in the as-rolled structure. This indi- 
cates that the tempering conducted prior to rolling was 
Miemmerete in that the carbon content of the martensite had 
iem—@etened CqQuilibrium. The fact that these particles are 
approaching a uniform size suggests that during rolling the 
Pel@emane process 15 continuing towards equilibrium. The 
Sti@eeOoll micrographs of this structure are shown in Figure 
19. Examination of these microstructures confirms the 
coarsening of these ultrafrne carbides and clearly shows the 
mommeremcaese Carbides 1n inhibiting growth of the ultrafine 
grains produced by the thermo-mechanical treatment. The as- 
Peer ain S1zé, aS shown in Figure 19b, 1s about 0.2 to 
omimemens with an average ultrafine carbide size of between 
ev omeomorlbemtcrons. Also, the dislocation density of the 
Peano lledmerains suggest that recrystalization is Occurring 
Mimo e rolling process. This is indicated by the pre- 
Bence Of heavily dislocated grains adjacent to relatively 
Meiaan-tree grains. The grain size after thermo-mechanical 
Mmeoatment 1S extremely fine, and suggests that there was 


Mery little grain growth after recrystallization, due to the 


Presence of the ultrafine carbides at the grain boundaries. 
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Figure 19a. 


Leaiomisstelierlce hon Microscope hin Foil Mirero- 


graph of As-Rolled Treatment-C. Micrograph shows 
refined grain structure and carbide distribution 
1a Miho erootrerman rolling. Note the two 


(ieee Carpide sizes, Magnitication 20,000X. 
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meee so. f.E.M. Thin Foil Micrograph of As-Rolled Treat- 
ment-C. Micrograph shows grain size and dislo- 
cation density. Note location of small carbides 
in grain boundaries and that some grains appear 
to be relatively strain free while others are 
heavily dislocated. Magnification 45,000X. 
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Carbon extraction replicas were also produced and 
examined from the pre-rolling and post-rolling conditions of 
Beceements D) and BE. these micrographs are shown in Figures 
Mimemmowen 25 respectively. These structures correspond well 
with the optical micrographs shown in Figures 12 and 13 
respectively. However, the higher magnification and different 
specimen preparation techniques used allow for examination of 
the optically unresolvable carbides. The presence of the two 
distinct size carbide particles and the coarsening of the 
residual carbides with increased time at austenitizing tempera- 
ture as reported by Stickels Ref. [21] is clearly evident. 
The nucleation and growth of the smaller carbides that result 
from the tempering of the previously martensitic structure is 
also very evident, especially when comparing the structures 
mieerigures 22 and 23. 

weeeoummary of Effects 

Thermo-mechanical treatment to this stage of process- 
ing produces an ultrafine grain structure with a dispersion 
of ultrafine carbides and somewhat large residual carbides 
interspersed throughout, provided that the starting structure 
1s martensitic or a combination of martensite and bainite. 
Significant microstructural refinement is obtained from 
normalized structures consisting of coarse pearlite and 
proeutectoid grain boundary cementite. However, the thermo- 
mechanical processing does not completely break up and refine 


these structures and, combined with the incomplete solutioning 


oil 
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Maptie Original carbides, tne resulting microstructures are 
banded and contain remnants of the as-normalized pearlitic 
Miructure. the degree of solutioning of the carbides is a 
function of austenitizing temperature and time, higher tempera- 
tures and longer times producing fewer residual carbides. 
Experimentally, the 1000 degree Celsius austenitizing tempera- 
ture processes (treatments B and 1D) have fewer-residual carbides 
than the 850 degree Celsius austenitizing temperature processes 
(treatments A, C, and E). 

The mechanical properties of the as thermo-mechanically 
treated material show no significant difference between the 
four treatments except the lack of work hardening observed in 
treatments C, D, and E. However, a significant increase in the 
Yield strength is realized through all the thermo-mechanical 
treatments when compared to the normalized structure of the 


Standard bearing heat treatment (treatment-A). 


B. HARDENING RESPONSE OF AS TREATED MATERIAL 
ie Mechanical Test Results 

Meehanteal testing was conducted on the as-rolled 
Peictmtions Of treatments A through E. Specimens of each 
treatment were then austenitized at three austenitizing tempera- 
mares fOr times ranging from five minutes to sixty minutes, 
and subsequently quenched in warm oil (50 degrees Celsius). 
Rockwell-C hardness readings were taken at each time for each 
Menthe three austenitizing temperatures. The results are 


motted for treatments A through E and Figures 24 through 28 
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Figure 24. Hardening Response of Treatment-A 
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Figure 25. Hardening Response of Treatment-B 
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Figure 26. Hardening Response of Treatment-C 
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Figure 27. Hardening Response to Treatment-D 
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Figure 28. Hardening Response of Treatment-E 
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Mmeroeccivyely. Generally, the as quenched hardness increased 
@s the time at eon wuce increased until a maximum was 
realized. As the time increased past this peak, the hardness 
decreased. 

As austenitizing temperature increased, the time re- 
quired to achieve peak hardness decreased and the peak hardness 
increased. This effect 1S most apparent when comparing the 
curves resulting from austenitizing at 850 degrees Celsius and 
825 degrees Celsius. 

In order to determine the effect of retained austenite, 
X-ray techniques [Ref. 24] were used to determine the amount 
of retained austenite in specimens from groups A and B. These 
results are tabulated in Table 35. Additionally, specimens 
from all groups were refrigerated to -80 degrees Celsius to 
Show the effect of retained austenite on the as quenched hard- 
ness. the difference between the room temperature hardness 
and the refrigerated hardness is indicative of this effect. 
Memetally, this difference 15 greater for specimens austeni- 
tized at 850 degrees Celsius than for those at 825 degrees 
Celsius. Additionally, the thermo-mechanically treated 
Materials (B through E) have greater differences than the 
unrolled, standard material (treatment-A). This is in 
agreement with Table 3, which shows greater percent retained 
austenite in the rolled specimens and this value increases 
as the temperature is increased. Also, these results are 


mimtereecment with Stickels' results [Ref. 21], which indicate 


eZ 





that the quantity of retained increases as the austenitizing 


temperature increases and as the grain size decreases. 


ae Moree RENE DAU OTENITE DETERMINATION 


TREATMENT TEMPERATURE TIME Bekeenl RETAINED 
DEGREES ae MINUTES Pod ENT Te 
A 800 5 trace 
A 800 5 ed) 
A 800 60 120 
A 825 5 trace 
A 825 eS Ut 
A 825 60 ona 
A 850 bs aS 
A 850 iS Bieee 
A 850 60 8.6 
B 800 5 2D 
B 800 iS Ber) 
B 800 60 et) 
B 825 5 5a) 
B SiZ05 de 8.8 
B Sr 5 60 pte} 
B 850 5 8.6 
B 850 iS He 
B 850 60 12.9 


The curves for the 800 degrees Celsius austenitizing 

temperature do not correlate with the measured results in 

Table 3, nor do they agree with the trends reported by Stickels 
and supported by the curves for the 825 and 850 degrees Celsius 
austenitizing temperatures. There are two possible explanations 
for this unusual effect: (1) at 800 degrees Celsius the carbon 
content of the retained austenite is higher than that at 825 

and 850 degrees Celsius which, when transformed to martensite 


at -80 degrees Celsius, produces a martensite of higher hardness 
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Peeure 29. 


Pucume= 29 


Ouereat Mreroorashs of Hardened AISI] 52100 Steel: 
ta meenetenent -wmalceenttized S50 decrees Celsius 
Pore wii muses bine cl cuencned, (5b) [Treatment - 
DeuctenrdzeGmenUecearees celsius for 60 minutes 
then oO1f euenched, and {(c) Treatment-C austenitized 
ESUmGeeneccomectc Ins for O0 Minutes then oll] 
diemened. Magnitication OO0X. 
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mais Cxhibiting a larger increase, and (2} the 800 degrees 
Celsius martensite produced upon refrigeration has a much 
meme, Crystalline structure than that produced at the higher 
austenitizing temperatures, thus resulting in a larger increase 
in hardness. Either of these two explanations or both in 
combination would result in the observed effects at 800 degrees 
Celsius. 
moe crostructural Results 

Optical microscopy was conducted on specimens from 
each of the thermo-mechanical treatment groups at each tempera- 
Meer or austenitizing times of 5, 15, and 60 minutes. Optical 
micrographs of specimens from treatment groups A, B, and C, 
austenitized at 850 degrees Celsius for 60 minutes are shown 
Gaeaicoure 29, The structure is too fine to obtain any de- 
Spebea Structural information other than an indication of 
mesidual carbide size and distribution, with the exception 
Peeopecimen B which still shows indication of the banding 
Beom the as rolled structure. 

f-7500Nn CxXerdentonenrcwliGcas were obtained from the 
Specimens of treatments A, B, and C, austenitized at 825 and 
BU degrees Celsius for 5, 15, and 60 minutes. These micro- 
Braphs are shown in Figures 30 through 35, and show the 
response of the carbides with increasing time at austenitizing 
meaperactures. 

At the 825 degree Celsius austenitizing temperature 


Mitesspecimens from treatment-A indicated initial carbide 
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meme, 50. Carbon Extraction Replica of Treatment-A 
Austenitized at 825 degrees Celsius: (a) aus- 
tenitized 5 minutes, (b) austenitized 15 minutes, 
anmence sadusteniuemaed Of Minutes. Micrographs 
SHOW MeSMOnse Of Carbides to time at austenitiz- 
Mie HemDemlniTe —— Maciitacation 10,000X. 
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Carbon Extraction Replica of Treatment-A Austeni- 
tized at 850 degrees Celsius: (a) austenitized 5 
minutes, (b) austenitized 15 minutes, and (c) 
austenitized 60 minutes. Micrograph shows response 
of carbides to time at austenitizing temperature. 


Magnification 10,000X. 
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Carbon Extraction Replica of Treatment-B 
Austenitized at 825 degrees Celsius: (a) 
austenitized 5 minutes, (b) austenitized 15 
minutes, and (c) austenitized 60 minutes. 
Migrographs show response of carbides to time 
at austenitizing temperature. Note presence 
of banding. Magnification 10,000X. 


io 





Picure 33. 
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C2G0O eo @eEaet1On Replica Of |reatment-B 
Austenitized at 850 degrees Celsius: (a) 
austenitized 5 minutes, (b) austenitized 15 
minutes, and (c) austenitized 60 minutes. 
Micrographs show response of carbides to time 
at austenitizing temperature. Note banding in 
structure. Magnification 10,000X. 








Caqboneexeracuren Replica of Treatment-C 
Austenitized at 825 degrees Celsius: (a) 
austenitized 5 minutes, (b) austenitized 15 
minutes, and (c) austenitized 60 minutes. 
Micrograph shows response of carbides to 
time at austenitizing temperature. Magnifi- 
Caunem 0 “000K. 
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CALGON eMeracelon Rhepiica of Treatment-C 
Austenitized at 850 degrees Celsius: (a) 
austenitized 5 minutes, (b)}) austenitized 
Motthiees, and (ec) austenitized 60 minutes. 
Micrograph shows response of carbides to time 


at austenitizing temperature. Magnification 
107 OUOX. 








Size after 5 minutes at temperature, ranging from less than 
melemicrons up to a maximum of 2.5 microns. As the time at 
temperature was increased, the size of the residual carbides 
decreased only slightly, but the carbide density decreased 
Meettticantly. The dissolution of the smaller carbides is 
mae primary contributor to this decrease. As the carbide 
density decreases the carbon content of the matrix increases, 
miiercasing the hardness and retained austenite content up to 
Meneximum. this accounts for the flattening that occurs in 
Mae retricscerated hardness curves. At 850 degrees Celsius 
temperature, the dissolution of the carbides occurs faster 
as is evident in the carbon extraction micrographs. Also 
meraent in the micrographs is the coarsening that is occurring 
mathe carbide structure, which was also observed by Stickels 
meereee!|. In this series, quench cracking was observed in 
milespecimens austenitized at 850 degrees Celsius for time 
Seepoueater than 10 minutes. Austenitizing at 825 degrees 
melsius did not result in cracking at times up to 60 minutes 
mietreatment-A specimens or in any other treatment group. 
iteatment-Bispeemmens exhibited a slightly different 
mesponse in that dissolution and coarsening appear to be 
meetrring at a faster rate in the 825 degree Celsius treat- 
Ment than in the same austenitizing treatment in the treat- 
Mment-Acroup. Examination of the microstructures of specimens 
hardened for 15 minutes and 60 minutes, both at 825 degrees 


Belsius and 850 degrees Celsius, show few changes in structure. 
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ms in the treatment-A group, quench cracking was observed at 
times greater than 10 minutes at the 850 degree Celsius 
Mastenitizing temperature. 

Treatment-C's response to increases in time at aus- 
tenitizing temperatures is somewhat similar to that observed 
mer the A and B treatment group. However, the lack of the 
smaller carbides at the 5 minute austenitizing time when 
Bompared to the as-rolled structure indicates that the 
@assolution rate is faster in this treatment group at both 
the 825 and 850 degree Celsius austenitizing temperature. 
miso 1t appears that coarsening is still occurring at 60 
Minutes in the 825 degree CelSius treatment, while at the 
600 degree Celsius austenitizing temperature the lack of 
change of microstructure with time at times of 15 minutes 
and more mentioned in the discussion of the treatment-B 
memes 15 evident. The quench cracking observed in the A 
imo treatment groups was not evident in the treatment-C 
meecimens at times up to and including 60 minutes. 

Microscopic examination of the treatment D and E 
meoups revealed that quench cracking occurred in the D group 
memeime Of greater than 10 minutes at an austenitizing tempera- 
ture of 850 degrees Celsius, whereas treatment-E specimens, 
like treatment-C specimens, exhibited no tendency to crack 
at times up to 60 minutes at 850 degrees Celsius. However, 
it was observed that all treatment groups exhibited extensive 


cracking in the specimens refrigerated to -80 degrees Celsius. 
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feo ouMmary of Effects 

The response of all treatment groups to hardening at 
the austenitizing temperatures examined 1s clearly related to 
the coarsening and dissolution of the carbides, the as-treated 
memmmesize and the carbon content of the austenite prior to 
meemenang. Also, the ultrafine grain structure of the 
Baermo-mechanical treatments accounts for the increased re- 
tained austenite content of the as quenched material and the 
greater increase in hardness when this retained austenite is 
transformed to martensite by refrigerating the specimens to 
=s0 degrees Celsius. These results are consistent with 
those obtained by other researchers, in particular the work 


Mmeemekels, Ref. [21], and Kar et, al., Ref. [28]. 


wee teMPERING RESPONSE OF HARDENED MATERIAL 

meoed On the results of the hardening response study an 
austenitizing temperature of 825 degrees Celsius and a time 
of 15 minutes was chosen to examine the effect of various 
tempering temperatures on the mechanical properties of 
hardened AISI 52100 steel subjected to the five treatments 
(A through E) previously described. Hardness testing was 
conducted on specimens from each treatment group after 
wempering times ranging from 0.1 hours to 250 hours at 
memperatures of 175, 350, and 525 degrees Celsius. Addi- 
tionally, tensile testing was performed on the specimens 


from each treatment group after tempering from times ranging 
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momelo to 250 hours at temperatures of 550 to 525 degrees 
Melsius. Tensile testing of 175 degrees Celsius temper was 
Beontbited by the inability effectively to grip specimens of 
Meeamesses greater than 55 Rockwell-C. The results of this 
Mmeoting are plotted for each specimen group in Figures 36 
mameman 45 respectively. Examination of these figures clearly 
pews that the degradation of mechanical properties with 
Miemeasing tempering time and temperature 1s more rapid for 
the material processed by treatment-A than for the material 
mere ssed by any of the thermo-mechanical treatments, with 
meaements C and E being the most resistive to this degrada- 
Eton. No data was obtained for times less than 0.1 hours, .- 
Bemene softening of the material from a hardness of 65 to 50 
Pomme -C at 525 degrees Celsius could not be studied in 


Pisce experiments. 
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IV. CONCLUSIONS 


Based on the experimental observations and results, the 
following conclusions were drawn: 

1. The thermo-mechanical treatments proposed and examined 
in this work significantly refined the microstructure of the 
as treated AISI 52100 steel. 

2. The grain structure and carbide dispersion are more 
uniform when the starting structure is martensitic or a 
combination of martensite and bainite. 

3. Pre-deformation heat treatments utilizing a 1000 degree 
Celsius (1830 degree F) are more effective in reducing the 
Size of the residual carbide particles in the as-treated 
Coneairtion. 

4. The hardening response of the thermo-mechanically 
treated material is more rapid and hardening can be accomplished 
at lower austenitizing temperatures than currently utilized. 

The quantity of retained austenite in the hardened condition is, 
however, somewhat higher. 

5. The degradation of mechanical strength (hardness and 
tensile strength) with time at austenitizing temperature is 


decreased for the thermo-mechanically treated material. 
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